35 Klebsiella oxytoca causes opportunistic human infections and post-antibiotic haemorrhagic 36 diarrhoea. This Enterobacteriaceae species is genetically heterogeneous and is currently 37 subdivided into seven phylogroups (Ko1 to Ko4, Ko6 to Ko8). Here we investigated the 38 taxonomic status of phylogroups Ko3 and Ko4. Genomic sequence-based phylogenetic 39 analyses demonstrate that Ko3 and Ko4 formed well-defined sequence clusters related to, but 40 distinct from, Klebsiella michiganensis (Ko1), Klebsiella oxytoca (Ko2), K. huaxiensis (Ko8) 41 and K. grimontii (Ko6). The average nucleotide identity of Ko3 and Ko4 were 90.7% with K. 42 huaxiensis and 95.5% with K. grimontii, respectively. In addition, three strains of K. huaxiensis, 43 a species so far described based on a single strain from a urinary tract infection patient in China, 44 were isolated from cattle and human faeces. Biochemical and MALDI-ToF mass spectrometry 45 analysis allowed differentiating Ko3, Ko4 and Ko8 from the other K. oxytoca species. Based 46 on these results, we propose the names Klebsiella spallanzanii for the Ko3 phylogroup, with 47 SPARK_775_C1 T (CIP 111695 T , DSM 109531 T ) as type strain, and Klebsiella pasteurii for 48 Ko4, with SPARK_836_C1 T (CIP 111696 T , DSM 109530 T ) as type strain. Strains of 49 K. spallanzanii were isolated from human urine, cow faeces and farm surfaces, while strains of 50 K. pasteurii were found in faecal carriage from humans, cows and turtles. 51 52 MALDI-ToF mass spectrometry 54 Abbreviations: ANI, average nucleotide identity; HCCA, a-cyano-4-hydroxycinnamic acid; 55 isDDH, in silico DNA-DNA hybridization; SCAI, Simmons citrate agar with inositol; MALDI-56 ToF MS: Matrix-assisted laser desorption/ionization time of flight mass spectrometry 57 Accession numbers 58 4
Introduction 65
The genus Klebsiella, a member of the Enterobacteriaceae family, includes Gram-negative, 66 non-motile (except K. aerogenes) and non-spore-forming capsulated bacteria. Bacteria 67 belonging to the genus Klebsiella are found in water, soil and plants, and as commensals in the 68 gut of animals including humans (1,2,3). In humans, Klebsiella species are frequently 69 associated with hospital-acquired infections and are increasingly multidrug-resistant (4). 70
Klebsiella oxytoca is the second most common Klebsiella species causing disease in humans, 71 after K. pneumoniae (5). K. oxytoca carries a chromosomally encoded β-lactamase gene 72 (blaOXY) that confers resistance to amino-and carboxypenicillins (6). This gene was shown to 73 have diversified in parallel to housekeeping genes, and variants were classified into seven 74 groups (blaOXY-1 to blaOXY-7) (7, 8, 9, 10) . K. oxytoca phylogenetic lineages were named Ko1, 75
Ko2, Ko3, Ko4, Ko6 and Ko7 reflecting which blaOXY variant they carry; note that Ko5 was 76 not defined, as isolates carrying blaOXY-5 represent a sublineage of Ko1 (9). Taxonomic work 77 has shown that K. oxytoca (sensu lato, i.e., as commonly identified in clinical microbiology 78 laboratories) is in fact a complex of species, with K. oxytoca (sensu stricto) corresponding to 79 phylogroup Ko2, K. michiganensis to Ko1 (11) and K. grimontii to Ko6 (12). The closely 80 related K. huaxiensis (13) represents yet another phylogroup, which we here denominate as Ko8 81 and which carries blaOXY-8. Phylogroups Ko3, Ko4, Ko7 and K. huaxiensis were so far 82 described only based on a single strain (9, 13), which has limited our ability to define their 83 genotypic and phenotypic characteristics. While analysing a large number of Klebsiella strains 84 from multiple human, animal and environmental sources in and around the Northern Italian 85 town of Pavia, we identified 3 Ko3, 13 Ko4 and 3 K. huaxiensis strains. The aim of this work 86 was to define the taxonomic status of K. oxytoca phylogroups Ko3 and Ko4 and provide 87 identification biomarkers for all members of the K. oxytoca species complex. 88 Bacterial strains. Novel strains (3 Ko3, 13 Ko4 and 3 Ko8) were isolated through enrichment 90 in Luria-Bertani broth supplemented with 10 µg/mL of amoxicillin, followed by isolation on 91
Simmons citrate agar with 1% inositol (SCAI) medium (14) and re-isolation on MacConkey 92 agar. Additional strains, including type and reference strains of each K. oxytoca phylogroup and 93 the type strain of K. pneumoniae (15) were included in the study ( Table 1) . Strain SG271 94 (internal strain bank identifier, SB3356) and SG266 (SB3355) were included as reference 95 strains for the phylogroups Ko3 and Ko4, respectively (9). 96 Genome sequencing and analyses. Colonies from the novel strains grown on MacConkey agar 97 were collected and resuspended in distilled water for DNA purification, which was performed 98 using QIAsymphony automated instrument with the kit QIAsymphony DSP Virus/Pathogen 99 following the manufacturer's recommendation. DNA was stored at -20°C until sequencing on 100 an Illumina HiSeq X Ten platform with a 2 x 150 nt paired-end protocol. Reads were assembled 101 using SPAdes v3.11 and the assemblies were annotated using Prokka v1.12 (16) . JSpeciesWS 102 (17) was used to calculate the average nucleotide identity (ANI) using the BLAST algorithm 103 (ANIb), whereas in silico DNA-DNA hybridization (isDDH) was performed through GGDC 104 tool (http://ggdc.dsmz.de; formula 2) (18). Sequences of gyrA and rpoB genes were obtained 105 7 (21) in the case of nucleotide sequences or maximum-likelihood with Jones-Taylor-Thornton 114 (JTT) (22) model in the case of the beta-lactamase protein sequences. The genome-based 115 phylogenetic analysis was performed on the concatenation of 3,814 core genes defined using 116 Roary v3.12 (23) with a blastP identity cut-off of 80% and presence in more than 90% of the 117 isolates. K. pneumoniae ATCC 13883 T (GCA_000742135.1) was used as outgroup. An 118 approximate maximum-likelihood phylogenetic tree was inferred using FastTree v2.1 (24). Results 132
The genome-based phylogenetic analysis based on the concatenation of 3,814 core genes 133 (Figure 1) showed six distinct and highly supported branches. The thirteen Ko4 strains were 134 clustered with Ko4 reference strain SG266 (SB3355) and this group was related to, but clearly 135 distinct from, K. grimontii (Ko6). The three Ko3 strains (SPARK_350_C1, SPARK_775_C1 136 and SPARK_1442_C1) formed a well-defined cluster with Ko3 reference strain SG271 137 (SB3356, Figure 1 ), whereas the remaining three strains (SPARK_1445_C2, 138 SPARK_1448_C1, SPARK_1495_C1) clustered with K. huaxiensis, which formed a distinct 139 phylogroup that we here name Ko8. We therefore identified novel strains of these three 140 phylogroups, which were each previously recognized based on a single strain. Furthermore, 141 genome-based phylogeny revealed that Ko4 shares a common ancestor with K. grimontii, K. 142 michiganensis and K. oxytoca, whereas Ko3 and K. huaxiensis share a common ancestor 143 distinct from the Ko1/Ko4/Ko6 one (Figure 1) . 144
To determine how previously-used phylogenetic markers (7, 8, 9, 27) would group these novel 145 strains, the sequences of internal portions of the housekeeping genes gyrA (383 nt) and rpoB 146 (501 nt), as well as the rrs (1,454 nt) sequence coding for 16S rRNA, were extracted from 147 genomic sequences and compared to previously characterized sequences of reference and type 148 strains from the K. oxytoca complex ( Table 1) . The clustering of Ko4 strains and Ko3 strains 149 was supported by phylogenetic analysis of combined gyrA and rpoB gene sequences ( Figure  150 2), as well as by single gene phylogenies (Figures S1 and S2) , showing that either gene used 151 alone would allow reliable identification. The phylogeny of the chromosomal OXY beta-152 lactamase gene ( Figure S3 ) was also in concordance with previous phylogenetic analyses. 153
However, phylogroup Ko1 and Ko3 each harbored two different types of blaOXY, coding for 154 OXY-1/OXY-5 and OXY-3/OXY-9, respectively ( Figure S3 ). As previously reported (12, 28, 155 29), the phylogeny based on the rrs gene was not reliable for species or phylogroup variable sites (Figure S4) . 158
Average nucleotide identity (ANI) was estimated between Ko3 and Ko4, and the type strains 159 of species of the K. oxytoca complex ( were urease positive (similar to Ko2). To define further the biochemical features of the 10 to differentiate Ko3 and Ko4 strains from other groups (Table 3, Figure S5) . The inability to 182 metabolize L-proline and tricarballylic acid differentiated Ko3 strains from other phylogroups 183 except Ko8, which can be differentiated based on its unique ability to utilize 3-O-methyl-184 glucose. Ko4 had a weak but unique capacity to utilize glyoxylic acid, and differed from Ko6 185 (K. grimontii) by its inability to metabolize D-melezitose; Ko4 was otherwise similar to Ko6 186 for many features, consistent with their phylogenetic association. 187
We also analysed the MALDI-ToF MS peak patterns of the different members of the K. oxytoca 188 complex. Based on the MALDI Biotyper Compass database version 4.1.80 (Bruker Daltonics, 189
Bremen, Germany), the thirty strains were identified either as K. oxytoca (23 strains, all 190 belonging to Ko1, Ko2, Ko4, and Ko6) or as Raoultella ornithinolytica (7 strains, all strains of 191 Ko3 and Ko8). These misidentifications can be explained by the lack of reference spectra of 192 most phylogroups in the reference database. Figure S6 summarizes the peak positions found in 193 each strain. A total of 31 biomarkers (2383-10152 m/z) associated with specific members of 194 the K. oxytoca complex were identified (Table S1, Figure S6 ). Consistent with genetic and 195 biochemical findings, we also observed that Ko4 shared most of its spectral peaks with Ko1 196 and Ko6, presenting only one specific peak (which was variably present) at 3681 m/z, whereas 197
Ko3 shared six peaks with only Ko8 and presented two unique peaks at 5178 and 6795 m/z. For 198 the remaining phylogroups, specific peaks were observed for Ko2 and Ko8, whereas Ko1 and 199 Ko6 could be identified by specific peak combinations. Based on the current dataset, the 200 specificity and sensitivity of their distribution among phylogroups ranged between 60-100% 201 and 80-100%, respectively (Table S1 ). This finding paves the way to identify isolates of 202 the K. oxytoca complex at the species (or phylogroup) level based on MALDI-ToF MS analysis, 203 pending incorporation of reference spectra of the various taxa into reference spectra databases. 204
Ko4 to be considered as two novel species, which we propose to name K. spallanzanii and 206 K. pasteurii, respectively. Bank ID (e.g., SB73) followed by original strain name, followed by phylogroup. A 'T' 384 after the strain name indicates that the strain is the type strain of its taxon. 385 
